Brown adipose tissue (BAT) is a highly vascularized organ with abundant mitochondria that produce heat through uncoupled respiration. Obesity is associated with a reduction of BAT function; however, it is unknown how obesity promotes dysfunctional BAT. Here, using a murine model of diet-induced obesity, we determined that obesity causes capillary rarefaction and functional hypoxia in BAT, leading to a BAT "whitening" phenotype that is characterized by mitochondrial dysfunction, lipid droplet accumulation, and decreased expression of Vegfa. Targeted deletion of Vegfa in adipose tissue of nonobese mice resulted in BAT whitening, supporting a role for decreased vascularity in obesity-associated BAT. Conversely, introduction of VEGF-A specifically into BAT of obese mice restored vascularity, ameliorated brown adipocyte dysfunction, and improved insulin sensitivity. The capillary rarefaction in BAT that was brought about by obesity or Vegfa ablation diminished b-adrenergic signaling, increased mitochondrial ROS production, and promoted mitophagy. These data indicate that overnutrition leads to the development of a hypoxic state in BAT, causing it to whiten through mitochondrial dysfunction and loss. Furthermore, these results link obesity-associated BAT whitening to impaired systemic glucose metabolism.
Introduction
Brown adipose tissue (BAT) is activated by the sympathetic nervous system (SNS) to generate heat rather than ATP through uncoupled oxidative phosphorylation (1) . BAT is abundant in small rodents and newborn humans and was once thought to disappear in human adulthood. Recent studies, however, have shown that human adults also possess active BAT (2) (3) (4) . In addition to its thermogenic function, it has been suggested that BAT contributes to systemic metabolism because of its high oxidative capacity (5) (6) (7) . Because BAT decreases with obesity and aging (4, 8) , the decline in BAT function may be linked to impaired metabolism under these conditions. While it has been shown that increasing BAT mass through transplantation improves metabolism parameters in a model of diet-induced obesity (9) , most studies on BAT are associative and the molecular mechanisms that contribute to obesity-linked BAT dysfunction are largely unknown.
Recently, a number of studies have pointed to the importance of the microvasculature in controlling adipose tissue inflammation and overall metabolic function (10) (11) (12) . Studies with obese patients and mice have documented that the white adipose tissues (WAT) of these organisms display capillary rarefaction and evidence of hypoxia, which correlate with inflammatory macrophage infiltration and inflammatory cytokine expression (13) (14) (15) (16) (17) . WAT levels of VEGF-A, a major proangiogenic cytokine, have been reported to be either decreased (14, 18, 19) , increased (16, 20) , or unchanged (21) in obesity. However, there is a general consensus that WAT expansion is associated with an insufficient angiogenic response to hypoxia. Whereas a number of studies report that HIF1α is upregulated in WAT in response to obesity (15-17, 19, 20) , overexpression of HIF1α fails to produce a proangiogenic response in WAT (19) . Furthermore, the chronic overexpression of VEGF-A in adipose tissue has been shown to have both protective and detrimental effects on metabolic function (10, 12) . Likewise, the ablation of the adipose tissue vasculature has been reported to produce both positive and negative effects on systemic metabolism (11, 22) .
Compared with WAT, BAT is more extensively vascularized, and VEGF-A-dependent angiogenesis has been shown to be important for the thermogenic response to prolonged cold adaptation (23) . However, the role of BAT vascularity in maintaining systemic metabolic homeostasis under conditions of metabolic stress is unknown. Here, we show that obesity causes capillary rarefaction and hypoxia in BAT that is much more robust than in WAT. This condition leads to BAT "whitening" that is associated with diminished β-adrenergic signaling, the accumulation of large lipid droplets, and mitochondrial dysfunction and loss. These changes in the BAT microenvironment impair thermogenic responses and contribute to dysfunctional glucose metabolism.
Results
To assess the role of BAT vascularity in systemic metabolic dysfunction, a model of diet-induced obesity was established by imposing a high-fat, high-sucrose (HFHS) diet on mice for 8 weeks. Compared with normal chow (NC), HFHS diet in mice significantly increased body weight and induced systemic insulin resistance (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI71643DS1). Under these conditions, total BAT weight increased (Supplemental Figure 1C) in association with the accumulation of enlarged lipid droplets in BAT cells ( Figure 1 , A and B) and a 51% reduction in mitochondrial content per cell ( Figure 1B ), giving the appearance of BAT "whitening." Since BAT consumes lipids stored in cytosol to generate heat through uncoupled respiration, these morphological changes led us to hypothesize that obesity induces BAT to whiten via mitochondrial dysfunction and loss. Consistent with this concept, the expression of the mitochondrial gene ND5 was reduced ( Figure 1C) , as was the expression of nuclear-encoded mitochondria marker genes including Ucp1, Ndufa, Atp5a, and Ppargc1a relative to β-actin expression ( Figure 1D ). Accordingly, these changes were associated with an impaired thermogenic response in an acute cold-tolerance test ( Figure 1E ).
Diet-induced obesity led to marked reductions in the vascular network of both BAT and WAT ( Figure 1F ). An analysis of isolectin IB4-positive vascular structures in tissue sections revealed large reductions in capillary density per unit area and smaller, but statistically significant, reductions in vessel number per adipocyte in both fat depots (Supplemental Figure 1D) . However, severe hypoxia, indicated by staining with pimonidazole, was predominantly observed in BAT ( Figure 1 , G and H). Pimonidazole labeling was also detected in WAT, but the magnitude of the labeling in BAT was much greater. Consistent with these observations, tissue oxygen levels declined markedly in BAT but modestly in WAT in response to dietary obesity, as determined by the measure of oxygen content using a fiber optic oxygen sensor ( Figure 1I ).
Previous studies have shown that VEGF-A has a crucial role in controlling vascular network formation in adult tissues including WAT and BAT (11, 23) . Vegfa mRNA was expressed at substantially higher levels in BAT than in WAT ( Figure 1J ), consistent with the observation that BAT is more highly vascularized than WAT. Under the conditions of these assays, diet-induced obesity was associated with declines in VEGF-A transcript and protein expression in both adipose tissue depots ( Figure 1J and Supplemental Figure 1 , E-H). Transcript levels of the VEGF-A receptor Kdr also declined in parallel with tissue VEGF-A levels, consistent with the reductions in adipose tissue vascularity ( Figure 1J ).
To explore the temporal relationship between reduced BAT vascularity and markers of mitochondrial dysfunction, WT mice fed a HFHS diet for shorter periods of time (1 and 4 weeks) were analyzed. Relative to mice fed NC, body weight and BAT weight were significantly elevated after 4 weeks on a HFHS diet, but not at 1 week (Supplemental Figure 2A) . Correspondingly, lipid droplet enlargement was detected at 4 weeks, but not at 1 week (Supplemental Figure 2B ). In contrast, reductions in VEGF-A protein and mRNA expression in BAT could be detected both at 1 and 4 weeks on the HFHS diet, and this corresponded to reductions in the transcript levels of Kdr and to a decrease in capillary density (Supplemental Figure 2 , C-E). Staining for pimonidazole indicated the development of robust tissue hypoxia after 4 weeks of HFHS diet (Supplemental Figure 2F ). Mitochondrial markers that were reduced by 8 weeks in the BAT of HFHS-fed mice ( Figure 1 , C and D) were not affected at 1 week. However, ND5, Ndufa, Atp5a, and Ppargc1a were downregulated at 4 weeks (Supplemental Figure 2G) . These results suggest that capillary rarefaction precedes mitochondrial dysfunction in BAT.
To corroborate these findings, the ob/ob genetic model of obesity was examined. As expected, body weight and BAT weight were significantly increased in ob/ob relative to control mice (Supplemental Figure 3A ), and these changes were associated with the development of the whitening phenotype in BAT and the appearance of enlarged lipid droplets (Supplemental Figure 3B) . These changes were associated with marked capillary rarefaction and increased pimonidazole staining in BAT, but the WAT of ob/ob mice displayed relatively modest changes in these parameters (Supplemental Figure 3 , C and D). VEGF-A protein levels were reduced in the BAT and WAT of ob/ob mice (Supplemental Figure  3 , E and F), but transcript analyses revealed that Vegfa levels were considerably higher in BAT than WAT in the different experimental groups of mice (Supplemental Figure 3G) . Transcript analyses also revealed that levels of the vascularity marker Kdr were elevated in BAT compared with WAT, and that these levels were reduced in the BAT and WAT of ob/ob mice relative to WT (Supplemental Figure 3G ). The mitochondrial markers Ucp1, ND5, Ndufa, Atp5a, and Ppargc1a were also suppressed in the BAT of ob/ob mice, and these mice displayed a reduced thermogenic response in an acute cold-tolerance test (Supplemental Figure 3 , H and I). These results further indicate that capillary rarefaction and reduced VEGF-A expression are associated with the development of the whitening phenotype in BAT.
VEGF-A ablation leads to BAT whitening. To test whether diminished BAT vascularity is causal for BAT whitening, we generated homozygous adipose tissue-specific Vegfa-KO (adipo-Vegfa-KO) mice by crossing Vegfa flox/flox with aP2-Cre +/-mice. No changes in body weight and food intake were observed between the KO mice and WT fed a standard chow diet (Supplemental Figure 4 , A and B). The aP2-Cre recombinase activity is expressed in adipose tissues as well as in the central nervous system and macrophages (24, 25) ; however, there were no significant changes in Vegfa expression in bone marrow-derived macrophages, cerebrum, and cerebellum in the aP2-Cre +/-Vegfa flox/flox mice (data not shown). The genetic disruption of Vegfa by aP2-cre significantly reduced VEGF-A transcript and protein levels, by 48% and 63%, respectively, in BAT, and by 32% and 58%, respectively in WAT (Figure 2A and Supplemental Figure 4 , C-F), approximately matching the declines in VEGF-A protein expression that are observed in the diet-induced obesity model (Supplemental Figure 1 , E-H). Declines in both BAT and WAT vascularity were notable under these conditions ( Figure 2B ). Analysis of capillary density by immunostaining for isolectin IB4-positive endothelial cells in histological sections revealed a 42% reduction in BAT and a 51% reduction in WAT (Supplemental Figure 4G) , which was similar to the declines in vascularity observed in the model of diet-induced obesity (Supplemental Figure 1D ). Although Vegfa ablation led to a relatively small but detectable pimonidazole reactivity in WAT, the degree of hypoxyprobe signal in BAT was considerably greater ( Figure 2C and Supplemental Figure 4H ). An analysis of WAT revealed that Vegfa ablation led to an enlargement in average cell size and a modest increase in total tissue weight ( Figure 2D and Supplemental Figure 4 , I and J), although a statistically significant change in overall body weight was not observed. However, Vegfa ablation produced little or no changes in expression of inflammatory markers that contribute to systemic insulin resistance, such as EGF-like module-containing mucin-like hormone receptor-like 1 (Emr1), TNF-α, and chemokine (C-C motif) ligand 2 (Ccl2/MCP-1) (data not shown), nor were there detectable changes in the expression of mitochondrial markers including ND5, Ucp1, Ndufa, Atp5a, and Ppargc1a in WAT ( Figure 2E ). In marked contrast to effects on WAT, Vegfa ablation led to a significant reduction in BAT mass (Supplemental Figure 4 , K and L). Histological analysis of BAT revealed that VEGF-A deficiency led to a whitening phenotype that was accompanied by an increase in lipid droplet size and a reduction in mitochondrial number within BAT adipocytes (Figure 2 , D, F, and G, and Supplemental Figure 4M ). In contrast to WAT, the transcript expression levels of mitochondrial marker proteins were suppressed in BAT by adipose tissue Vegfa ablation ( Figure 2E ). These changes were associated with an impaired thermogenic response ( Figure 2H ), consistent with results of systemic Vegfr2 blockade (23) . Vegfa ablation also led to modest impairment in glucose metabolism in mice fed the NC diet ( Figure 2I ). Collectively, these data suggest that the BAT phenotype resulting from Vegfa ablation is similar to that seen in conditions of diet-induced obesity in WT mice. These findings led us to hypothesize that capillary rarefaction in adipose tissue can lead to the selective development of a hypoxic state in BAT that promotes BAT dysfunction.
BAT-specific VEGF-A rescue improves BAT function and systemic glucose metabolism. To assess the functional significance of BAT hypoxia in obese or Adipo-Vegfa-KO mouse models, we performed gain-offunction experiments by injecting an adenoviral vector encoding Vegfa (ad-vegfa), or a control vector expressing β-gal directly into interscapular BAT (Supplemental Figure 5A ). Transduction with a low dose of vector led to a doubling of VEGF-A transcript and protein levels in the BAT of NC-fed mice at 1 week after delivery, whereas the level of VEGF-A achieved in BAT of HFHS-fed mice approximately matched that of the control, NC-fed conditions ( Figure 3A and Supplemental Figure 5B ). Ad-vegfa delivery to BAT did not affect Vegfa or Kdr levels in epididymal WAT ( Figure 3B ). However, restoration of VEGF-A in the BAT of HFHS-fed mice reversed the decline in vascular density that was caused by dietary obesity as assessed by measures of vessel density and Kdr expression ( Figure 3 , A and C, and Supplemental Figure 5 , C and D). Vegfa transduction of the BAT of obese mice suppressed the development of enlarged lipid droplets, and this was associated with the upregulation of ND5, Ucp1, Ndufa, and Ppargc1a transcripts that encode for mitochondria-associated proteins (Figure 3 , D-F). Vegfa transduction of BAT normalized the thermogenic response to acute cold exposure in obese mice ( Figure 3G ). Vegfa delivery to the BAT also increased glucose uptake by BAT and improved systemic insulin sensitivity in obese mice ( Figure 3 , H and I).
At this low dose of Ad-Vegfa vector, vessel leakage in BAT was not detected following the injection of FITC-dextran (Supplemental Figure 6A ), and there was no increase in markers of adipose tissue inflammation when the Ad-Vegfa vector was administered to the BAT of NC-fed mice (Supplemental Figure 6B ). There were no detectable increase in serum VEGF-A levels determined by ELISA (Supplemental Figure 6C ) and no detectable transgene expression or changes in vessel density in WAT (Supplemental Figure 6 , D-F) or liver (data not shown). Ad-vegfa delivery to BAT did not lead to morphological changes in WAT adipocyte size and had no effect on the expression profiles of proinflammatory cytokines in the WAT of mice subjected to either NC or HFHS diets (Supplemental Figure 6 , G and H), consistent with the lack of detectable transgene expression in WAT. Furthermore, the adenovirus treatment did not affect WAT weight, body weight, or food intake (Supplemental Figure 6 , I-K). Ad-vegfa transduction of the BAT cell line did not change the expression profiles of mitochondria (ND5, Ucp1, Ndufa, Atp5a, Ppargc1a) or mitophagy (LC3 and Bnip3) markers (data not shown), suggesting that VEGF acts on BAT through its ability to restore vascularity. Finally Vegfa delivery to BAT of WT mice fed NC led to the overexpression of VEGF-A and increased BAT vessel density ( Figure 3 , A and C, and Supplemental Figure  5 , B and C), but in contrast to findings in mice fed HFHS, this did not affect mitochondrial marker expression ( Figure 3F ), thermogenic response to acute cold exposure ( Figure 3G ), or metabolic responses to glucose or insulin under these conditions ( Figure 3I ).
Ad-vegfa delivery to BAT was also assessed in adipo-Vegfa-KO and littermate control mice. VEGF-A rescue of the KO mice significantly increased the microvascular density of BAT (Supplemental Figure 7 , A-C). Restoration of BAT vasculature promoted the "rebrowning" of BAT in the adipo-Vegfa-KO that was characterized by a reduction in the frequency of large lipid droplets and increased expression of ND5, Ndufa1, and Ppargc1a (Supplemental Figure 7 , D and E). These changes were associated with the recovery of the thermogenic response in a cold-tolerance test and improved glucose metabolism in the lean KO mice (Supplemental Figure 7 , F and G). However, delivery of Vegfa to BAT of adipo-Vegfa-KO mice had no detectable impact on WAT and body weight (Supplemental Figure 7 , H and I) or vascularity in WAT (data not shown), suggesting that recovery of the vasculature in BAT leads to improved systemic metabolic function irrespective of the WAT phenotype.
Hypoxia promotes mitochondrial dysfunction and mitophagy in BAT. Mitochondria generate ROS during hypoxia (26, 27) , contributing to mitochondrial damage that upregulates autophagic and apoptotic pathways (28) . Thus, we hypothesized that capillary rarefaction in BAT would contribute to mitochondrial dysfunction and loss. Both diet-induced obesity and adipose tissue Vegfa ablation led to significantly elevated superoxide levels in mito- Diet-induced obesity led to a significant increase in the expression of the autophagosomal protein LC3A/B-II in BAT ( Figure 4C ). Histological analysis of tissue sections revealed that LC3 formed puncta that colocalized with the mitochondrial marker Tom20 ( Figure 4D ). Similarly, Vegfa ablation in BAT led to the coalescence of LC3 into puncta that colocalized with mitochondria (Supplemental Figure 8E) . Consistent with these observations, levels of the autophagy markers Bnip3 and Map1lc3b were increased in the BAT of dietary obese and VEGF-A-deficient mice ( Figure 4E and Supplemental Figure 8F ). The LC3-positive puncta phenotype was reversed by ad-vegfa delivery into BAT ( Figure 4F and Supplemental Figure 8G ), and this treatment also led to reductions in Bnip3 and Map1lc3b expression in both models ( Figure 4G and Supplemental Figure 8H ). PTEN-induced putative kinase protein 1 (PINK1) promotes mitophagy via the Parkindependent ubiquitination of mitochondria (29) . Consistent with an increased mitophagic response in the BAT of the dietary obese model, there were significant increases in the expression of both PINK1 and Parkin, and there was a marked increase in the ubiquitination of the mitochondrial proteins (Figure 4, H-J) . Collectively, these results suggest that obesity leads to hypoxic stress in BAT, promoting the activation of a mitophagic program via the PINK1-Parkin system.
To test whether hypoxia per se is sufficient to induce mitochondrial dysfunction and autophagy, BAT from WT mice was cultured ex vivo under normoxic and hypoxic conditions. Hypoxia significantly increased mitochondrial ROS production, which was associated with a reduction in mitochondrial membrane potential (Supplemental Figure 9, A and B) . This condition also led to increased LC3A/B-II protein expression and elevations in Bnip3 and Map1lc3b levels, whereas the expression levels of mitochondrial marker genes were reduced (Supplemental Figure 9 , C-E). The effects of hypoxia on a brown adipocyte cell line were also evaluated. Hypoxic conditions increased mitochondrial ROS and led to a reduction in mitochondrial membrane potential (Supplemental Figure 9, F-H) . Hypoxia led to an upregulation of LC3A/B-II protein expression, and the LC3 signal was associated with mitochondria, indicative of an autophagic response (Supplemental Figure 9, I-K) . Hypoxia also promoted Bnip3 and Map1lc3b expression (Supplemental Figure  9L) . Conversely, levels of the mitochondrial markers, such as ND5, Ndufa, and Ppargc1a, were reduced under conditions of hypoxia (Supplemental Figure 9M) , consistent with mitochondrial dysfunction and loss in the brown adipocyte cell line.
Hypoxic conditions during WAT expansion lead to the induction of Hif1α (13, 15, 16) . However, in this context, Hif1α is not proangiogenic and its overexpression fails to induce Vegfa in adipose tissue (19, 30) . In our study, dietary obesity led to an increase in Hif1α levels both in BAT and WAT, but the magnitude of the induction was much greater in BAT (Supplemental Figure 10A) . Hypoxia also increased Hif1α protein levels in the brown adipocyte cell line (Supplemental Figure 10B) . Hif1α is reported to induce autophagy via the induction of Bnip3 (31), but a potential role of Hif1α in mitochondrial clearance in adipose tissues has not been explored previously. Transduction of the cultured brown adipocyte line under normoxic conditions with an adenoviral vector expressing Hif1a (ad-Hif1a) did not upregulate Vegfa expression (Supplemental Figure 10 , C and D), but increased Bnip3 and reduced ND5 levels (Supplemental Figure 10 , E and F), which is consistent with the activation of a mitophagic response. Similarly, the injection of ad-Hif1a into the interscapular BAT of mice did not increase Vegfa levels (Supplemental Figure 10, G and H) . However, delivery of ad-Hif1a to BAT increased Bnip3 expression and reduced ND5 (Supplemental Figure 10 , I and J). Transduction of Hif1a into BAT also increased other Hif1a target genes involved in fibrotic processes such as elastin (Eln) and lysyl oxidase (Lox) (Supplemental Figure 10K ); however, other target genes such as Glut1, hexokinase-2 (HK2) and pyruvate kinase PKM (Pkm2) showed no significant change (data not shown). Eln and Lox expression were also increased in the BAT of dietary obese mice ( Supplemental Figure 10L) . These results suggest that Hif1α is not proangiogenic in BAT, but that it may be involved in the induction of mitophagy or fibrotic processes triggered by hypoxia.
Hypoxia inhibits β-adrenergic signaling in BAT. β-Adrenergic signaling activates Vegfa expression in BAT via activation of cAMPdependent PKA (32) . Whereas sympathetic overactivity is generally associated with obesity (33), catecholamine sensitivity is decreased in the BAT of obese organisms (34) due at least in part to diminished β-adrenergic receptor expression (35, 36) . In the model of diet-induced obesity employed in this study, significant reductions in β1-and β3-adrenergic receptor expression in BAT were observed after imposing the HFHS diet ( Figure 5A ). BAT hypoxia, imposed by VEGF deficiency, also led to similar reductions in β1-and β3-adrenergic receptor expression in BAT ( Figure 5B ). Whereas levels of the Adrb3 transcript were present at a higher copy number than Adrb1 in BAT, obesity and hypoxia led to a similar reduction in the expression of these receptor transcripts. These changes in receptor expression caused by dietary obesity or genetic Vegfa ablation led to accompanying reductions in PKA signaling ( Figure 5 , C and D). These data suggest that intracellular lipid droplet enlargement (whitening) is due in part to the downregulation in β-adrenergic signaling. To define aspects of the mechanisms by which metabolic dysfunction contributes to hypoxia-mediated BAT dysfunction, FFA levels were determined in the different experimental groups of mice. As expected, HFHS diet led to elevation in FFA levels in BAT at 8 weeks (Supplemental Figure 11A) , and this increase in FFA levels in BAT was detected as early as 1 week after initiating the feeding regimen (Supplemental Figure 11B) . In the brown adipocyte cell line, treatment with palmitic acid led to a reduction in VEGF-A protein and transcript expression (Supplemental Figure  11 , C and D), as would be expected from its ability to downregulate PKA-targeted gene expression (37) . In contrast, palmitic acid did not downregulate Adrb1 or Adrb3 expression (Supplemental Figure 11E) . However, exposure to hypoxia for 24 hours was sufficient to downregulate receptor expression in the brown adipocyte cell line (Supplemental Figure 11 , F and G), and this corresponded to reductions in receptor density (Supplemental Figure 11 , H and I), PKA phosphorylation (Supplemental Figure 11J) , and cAMP levels (Supplemental Figure 11K) . Since it is established that VEGF is regulated by β-adrenergic signaling in BAT (32, 38, 39) , these data suggest that multiple regulatory inputs contribute to the downregulation of VEGF in BAT under conditions of obesity ( Figure 5E ).
Discussion
Here, we delineate the molecular mechanisms that contribute to BAT dysfunction under conditions of obesity. BAT dysfunction, which led to an impaired response to an acute cold challenge, was associated with the accumulation of enlarged lipid droplets and with the loss of mitochondria, giving the tissue a whitened phenotype. BAT whitening corresponded to the reduced expression of mitochondria-associated transcripts, including ND5, Ucp1, and Ppargc1a, elevated mitochondrial ROS production, and membrane depolarization. BAT whitening also corresponded to an increase in mitophagy, as indicated by the appearance of LC3 puncta with mitochondria, increased localization of the mitophagy proteins PINK1 and Parkin to mitochondria, and an increased level of mitochondrial protein ubiquitination.
A number of lines of evidence suggest that the mechanism of obesity-mediated mitochondrial loss and BAT dysfunction is due in part to capillary rarefaction. First, the reduction in capillarization and VEGF expression in BAT precedes the loss of mitochondrial marker gene expression and the appearance of the whitened BAT phenotype during the development of diet-induced obesity. Furthermore, the targeted ablation of Vegfa using aP2-Cre decreased VEGF-A levels and capillary density within BAT to levels that are similar in magnitude to those observed in diet-induced obesity. This genetic manipulation produced a phenotype in BAT of mice fed NC that has features in common with dietary obesity, including impaired thermogenic function and tissue whitening. Under these conditions, mitochondrial dysfunction in BAT was characterized by lipid droplet accumulation, elevated mitochondrial ROS production, decreased mitochondrial membrane potential, and increased mitophagy.
Causal evidence for a functional role of vascular rarefaction in BAT dysfunction was provided by rescue experiments in which specific VEGF-A-mediated revascularization of BAT resulted in rebrowning of the tissue and normalization of the phenotype. In both models of dietary obesity and adipose tissue Vegfa ablation, BAT revascularization led to a reduction in lipid droplet accumulation, restored mitochondrial function, and diminished mitophagy and improved the thermogenic response to cold challenge. Notably, BAT revascularization also led to an improvement in insulin resistance, consistent with the notion that this tissue contributes to whole-body glucose metabolism in mice (5, 9) . These data indicate that changes in the BAT microenvironment, in particular the status of its vascular network, can significantly affect systemic metabolic function in mice.
Mechanistic studies reveal that both obesity and VEGF ablation lead to the downregulation of β-adrenergic signaling in BAT. It is widely recognized that VEGF expression in BAT is under the control of the SNS (32, 38, 39) . As shown here, diet-induced obesity led to marked reductions in the expression of the β 1 -and β 3 -adrenergic receptors, with an accompanying decrease in PKA signaling. In part, this regulation can be attributed to an increase in the level of FFA, and we show that palmitic acid can downregulate VEGF expression in the cultured brown adipocyte line. However, palmitic acid did not downregulate β-adrenergic receptor expression, consistent with the finding that fatty acids act at the level of adenylate cyclase activity to interfere with β-adrenergic signaling (37) . In contrast, hypoxia will lead to marked reductions of β 1 -and β 3 -adrenergic receptor expression in cultured brown adipocytes. Furthermore, adipose tissue hypoxia, induced by VEGF ablation, was sufficient to downregulate β-adrenergic receptor expression and signaling in vivo. These data, combined with the observation that diminished VEGF expression and capillarization precede the decline in adrenergic receptor expression in diet-induced obesity, suggest that hypoxia is a key regulatory feature in the inhibition of β-adrenergic signaling and the whitening of BAT. These data also suggest the existence of a pathological feedback loop in which diminished β-adrenergic signaling in BAT leads to reductions in VEGF and capillarization under conditions of obesity. In turn, the development of a hypoxic state in BAT further impairs β-adrenergic signaling in this tissue ( Figure 5E ).
Prior studies have shown that experimental and clinical obesity are associated with moderate reductions in VEGF-A levels and capillary rarefaction in WAT (14, 40, 41 ). These findings have led to the concept that declines in WAT perfusion can exacerbate , and ubiquitin-conjugated protein (J) expression in isolated mitochondria extracted from BAT of mice. The graphs at right indicate the quantification relative to the expression of the Cox IV loading control (n = 3). In J, the level of ubiquitination is compared with the 25 kDa protein between the groups. Data were analyzed by 2-tailed Student's t test (C-E and H-J) or ANOVA (F and G). *P < 0.05; **P < 0.01. All values represent the mean ± SEM.
insulin resistance due to hypoxic stresses, leading to adipose tissue inflammation. Most data in support of this hypothesis are associative, and causal data linking vascular rarefaction in fat with metabolic dysfunction has been lacking. To assess whether impairments in perfusion are responsible for triggering the dysfunctional phenotype in fat, studies have sought to examine the consequences of either promoting or ablating the vasculature in adipose tissue (10-12, 22, 42-44) . Findings from these studies appear to be contradictory, suggesting that the control of the adipose tissue function by the vascular microenvironment is complex and, perhaps, dependent upon the temporal stage of obesity (reviewed in ref. 45) . Notably, these studies have primarily focused on the role of the vasculature in WAT, while BAT has typically received a cursory histological examination. The results from our study suggest that physiologically relevant perturbations in VEGF-A levels and vascular density can markedly alter BAT function, yet have limited effects on WAT. Evidence for a far greater extent of hypoxia in BAT than WAT in obese mice includes greater reactivity with the pimidazole stain, higher HIF1α expression, and reduced interstitial oxygen content determined with a fiber optic oxygen microsensor. VEGF-A levels and vascular density are approximately 5-to 10-fold higher in BAT than WAT, yet the percentage declines in these parameters resulting from dietinduced obesity are similar between these 2 depots. Ablation of Vegfa in aP2-Cre-expressing cells resulted in changes that approximately matched declines in VEGF-A and capillary rarefaction seen in dietary obesity in both WAT and BAT. However, diminished VEGF-A expression, via gene ablation, produced relatively modest or no evidence of WAT dysfunction as assessed by measures of hypoxia, inflammation, and mitochondrial marker expression. Similarly, recent analyses of human WAT do not find evidence for a hypoxic state in obesity (40, 46) . In contrast, robust BAT dysfunction in mice was evident based upon a multitude of molecular and physiological measurements. The disparate responses of WAT and BAT to reductions in VEGF-A are consistent with the greater respiratory capacity in BAT than WAT, owing to the fact that BAT primarily functions to consume energy and dissipate heat whereas WAT primarily functions to store energy. Furthermore, WAT has a higher lipid content than BAT, and O 2 , being nonpolar, is more soluble in the hydrophobic environment of the WAT versus the BAT adipocyte, facilitating its diffusion (47) .
Several lines of evidence have shown that autophagy has pivotal roles in the regulation of metabolism. Autophagy is activated under conditions of stress including starvation, ischemiareperfusion, pathogen infection, ROS stress, and hypoxia (48) . A basal level of autophagy is generally considered to have a crucial lacZ (ad-lacZ) was used as a control. Adenoviral vectors were purified by Adeno-X Maxi Purification Kit (Clontech Laboratories). Mice were fixed in prone posture. Constant anesthesia was obtained with persistent treatment with isoflurane through a nasal cannula. An incision of approximately 7 mm was made in the posterior region of the neck, which enabled direct visualization of BAT. Adenovirus diluted in 50 μl PBS was injected directly into the left and right lobes of the BAT through a 30G syringe. The titer of adenovirus was 5.0 × 10 8 PFU/body. Ten-week-old mice were treated with ad-vegfa or ad-Hif1a injection, and physiological studies were performed at postoperative days 14 to 21. Mice were sacrificed for further analysis at postoperative days 22 to 24 unless otherwise mentioned. Ad-Hif1a was purchased from Vector Biolabs.
Systemic metabolic parameters. Mice were individually housed for 1 week prior to starting the assay. On the day of glucose tolerance testing (GTT), mice were fasted for 6 hours, then given glucose i.p. at a dose of 2 g/kg body weight in the early afternoon. For the insulin tolerance test (ITT), mice were given human insulin i.p. (1 U/kg body weight) at 1:00 pm without fasting. Blood glucose levels were measured with a glucose analyzer (Roche Diagnostics) at 15, 30, 60, 120 minutes after glucose or insulin injection. All the experiments except for adenovirus treatment were performed at 12 weeks of age.
Acute cold exposure. Body temperature was assessed by the subcutaneous implantation of biocompatible and sterile microchip transponders (IPTT-300 Extended Accuracy Calibration; Bio Medic Data Systems) over the shoulder blades as instructed by the manufacturer. Animals were subjected to cold tolerance test (CTT), and body temperature was measured every hour for 6 to 7 hours. All the experiments except for adenovirus treatment were performed at 12 weeks of age.
Histology. A portion of the BAT and WAT fat pad were fixed in 10% formalin and embedded in paraffin. General morphology was evaluated with H&E staining. Large lipid droplets were defined as lipids larger than 50 μm 2 , measured with ImageJ, and counted per field at ×400 magnification. Ten fields were randomly selected from each sample (n = 4 mice per experimental group). Electron microscopy was performed using JEOL 2010 TEM, located at Biology Core, Boston University Medical Campus. Forty cells were randomly selected per group, and intracellular mitochondria were counted. Vascularity was evaluated by staining for isolectin IB4 conjugates (Invitrogen), and vessel number was counted per field at ×400 magnification. Ten fields were randomly selected from each sample (n = 4 mice per experimental group) for 4 samples. Protein levels of VEGF-A were evaluated by staining for VEGF (A-20) (Santa Cruz Biotechnology Inc.), and VEGF-A-positive area were measured per field at ×630 magnification for BAT and ×200 magnification for WAT. Ten fields were randomly selected from each sample (n = 4 mice per experimental group) for 4 samples. For lectin staining, Fluorescein Griffonia (Bandeiraea) Simplicifolia Lectin I (Vector Laboratories) was injected via tail vein 10 minutes before harvesting the samples. BAT or WAT tissues were finely minced with a scalpel and incubated with PBS containing Bodipy BODIPY-TR (Invitrogen) at the concentration of 1000:1. Samples were washed 3 times with PBS and mounted for further observations. The confocal microscope (LSM710; Zeiss), located at the Boston University Medical Campus Cellular Imaging Core, was used for the study. ImageJ was used to evaluate the positive area. Hypoxic conditions of BAT and WAT from mice with diet-induced obesity were also evaluated with hypoxyprobe (pimonidazole). Mice were injected with pimonidazole (60 mg/kg, i.p.) 1 hour before sacrifice, and low oxygen levels were visualized by brown staining on slides of paraffin-embedded adipose tissue using the Hypoxyprobe-1 Plus Kit (Chemicon International). Hypoxyprobe-1 is a pimonidazole hydrochloride that is used to assay for hypoxic conditions in tissues and cultured cells. It forms adducts with proteins under low oxygen concentrations (59) . Four fields were randomly role in removing and renewing dysfunctional mitochondria and maintaining homeostasis. However, autophagy is reported to have both protective and detrimental roles in metabolic disorders. A decrease in hepatic autophagy was observed in a murine model of diet-induced obesity, and restoration of the autophagic response in the liver improves systemic glucose metabolism by enhancing hepatic insulin action (49) . In contrast, the forced downregulation of autophagy in adipose tissue was shown to improve insulin sensitivity in obese mice (50, 51) . In these studies, the attenuation of autophagy in adipose tissue was associated with the acquisition of BAT characteristics by WAT, such as an increase in mitochondrial number and greater fatty acid β-oxidation. These results are consistent with the findings of our study, in which an elevated level of mitochondrial autophagy was detected in the BAT of mice subjected to high-calorie diet or adipose tissue Vegfa ablation. It is well established that hypoxic stress promotes ROS production by dysfunctional mitochondria (52) . In turn, the elimination of dysfunctional mitochondria through autophagy is a mechanism to limit toxic levels of ROS (53) . Therefore, we speculate that the upregulation of mitophagy in BAT is a compensatory response to the ischemic stress that is imposed on mitochondria by overnutrition. In other words, BAT acquires WAT characteristics under conditions of dietary obesity because vascular rarefaction drives the mitochondrial dysfunction and elimination, shifting the equilibrium toward lipid storage.
Studies have analyzed the "browning" of WAT as a strategy for combating obesity (54) (55) (56) . However, it has been argued that these actions are quantitatively incapable of significantly affecting systemic metabolism due to the low thermogenic capacity of WAT browning relative to that exhibited by classical BAT depots (57) . Comparatively little attention has been given to the mechanisms that contribute to BAT dysfunction and how they affect overall metabolic health. As shown here, the status of the vasculature in BAT is critical for its function both in terms of thermogenesis and systemic metabolic homeostasis. Thus, risk factors that are associated with diminished vascular health, such as hypertension, hypercholesterolemia, and physical inactivity, could contribute to the development of obesity through the degradation of BAT function.
Methods
Animal models. All mice were on a C57BL/6 background, and 4-week-old WT male mice were purchased from Charles River Laboratories. These mice were maintained on a HFHS diet (number F1850; Bio-Serv) for 8 weeks, starting at 4 weeks of age. In some experiments, mice were fed a HFHS diet for 1 or 4 weeks, starting at 4 weeks of age. The composition of the HFHS diet was 35.8% fat (primarily lard), 36.8% carbohydrate (primarily sucrose), and 20.3% protein. Analysis was done at 12 to 14 weeks of age. aP2-Cre (Jackson Laboratories) and Vegfa flox/flox mice (provided by Napoleone Ferrara, Genentech Inc.) on a C57BL/6 background were crossed to create aP2-Cre +/-Vegfa flox/flox adipose tissue-specific Vegfa-KO mice. Vegfa flox/flox mice were used as a control. The genotyping for these mice was conducted as previously described (58) . Glucose uptake measurements of BAT were performed with the 2DG Uptake Measurement Kit (COSMO BIO Co., LTD) according to the manufacturer's instructions. Mice fed with an NC or a HFHS diet for 8 weeks were fasted for 4 hours, and 5 μmol 2-deoxyglucose (2DG) was injected via tail vein. After 20 minutes, BAT was collected for further analysis.
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Received for publication June 18, 2013 was used to define specific binding. Reactions were terminated by aspiration, and cells were washed twice with cold PBS and digested with 0.2 M NaOH. The contents of the wells were transferred to vials with scintillation buffer (Ecolite(+) Liquid Scintillation Fluid; MP Biomedicals) and radioactivity measured using an analyzer (Tri-Carb 2900TR; PerkinElmer Life and Analytical Sciences). Unused wells (n = 5) were resuspended with 0.25% Trypsin/EDTA solution for counting cells. The radioactivity levels obtained with the scintillation analyzer were divided with average cell numbers per group measured and presented as fmol ×10 -5 /cell. A nonlinear curve was obtained with nonlinear curve fitting (GraphPad Prism version 6; GraphPad Software Inc).
Statistics. Data are shown as the mean ± SEM. Differences between groups were examined by 2-tailed Student's t test or 2-way ANOVA for comparisons among multiple groups. For all analyses, P < 0.05 was considered statistically significant.
Study approval. The Institutional Animal Care and Use Committee (IACUC) of Boston University approved all animal study procedures.
